Abstract Concern about security of supply of critical elements used in new technologies, such as the Rare Earth Elements (REE), means that it is increasingly important to understand the processes by which they are enriched in crustal settings. High REE contents are found in syenitedominated alkaline complexes intruded along the Moine Thrust Zone, a major collisional zone in north-west Scotland. The most northerly of these is the Loch Loyal Syenite Complex, which comprises three separate intrusions. One of these, the Cnoc nan Cuilean intrusion, contains two mappable zones: a Mixed Syenite Zone in which mafic melasyenite is mixed and mingled with leucosyenite and a Massive Leucosyenite Zone. Within the Mixed Syenite Zone, hydrothermal activity is evident in the form of narrow altered veins dominated by biotite and magnetite; these are poorly exposed and their lateral extent is uncertain. The REE mineral allanite is relatively abundant in the melasyenite and is extremely enriched in the biotite-magnetite veins, which have up to 2 % total rare earth oxides in bulk rock analyses. An overall model for development of this intrusion can be divided into three episodes: (1) generation of a Light Rare Earth Element (LREE)-enriched parental magma due to enrichment of the mantle source by subduction of pelagic carbonates; (2) early crystallisation of allanite in melasyenite, due to the saturation of the magma in the LREE; and (3) hydrothermal alteration, in three different episodes identified by petrography and mineral chemistry, generating the intense enrichment of REE in the biotite-magnetite veins. Dating of allanite and titanite in the biotite-magnetite veins gives ages of c. 426 Ma, overlapping with previously published crystallisation ages for zircon in the syenite.
Introduction
The Rare Earth Elements (REE) play an essential and increasing role in a wide range of consumer electronics, in military applications and in environmental technologies. China currently dominates world production of REE, accounting for over 95 % of current global supply (Hatch 2012) . In recent years, China has also imposed export restrictions for REE, leading to global concerns about security of supply (Chakhmouradian and Wall 2012) . Consequently, there is considerable interest in identifying new deposits and in understanding the processes responsible for their formation.
Alkaline igneous complexes are an important source of REE, and many such deposits are at an advanced stage of exploration. Rare Earth Element enrichment in these types of deposit can be due to magmatic processes through crystal fractionation or t later magmatic-hydrothermal or hydrothermal activity. Many aspects of the formation of these REE deposits, such as the importance of the role of hydrothermal processes and how and where the parent magmas for these complexes form, are not well understood (Salvi and Williams-Jones 2005; Chakhmouradian and Zaitsev 2012) . Investigating the petrology and petrogenesis of these complexes is essential to understand the processes of REE enrichment in these deposit types.
Previous studies by the British Geological Survey (BGS) on Silurian alkaline igneous complexes in north-western Scotland identified elevated REE values (Shaw and Gunn 1993) . This suite of igneous complexes is emplaced into the Moine Thrust Zone, at the margin of the Caledonian orogenic belt, and includes the Loch Ailsh and Borralan plutons and Loch Loyal Syenite Complex. These plutons are dominated by syenite, with minor mafic-ultramafic components (Parsons 1999; Goodenough et al. 2011) . Rock and stream sediment samples from Loch Borralan, Loch Ailsh and the Loch Loyal Complex indicate relatively high REE contents throughout (Shaw and Gunn 1993) . The Loch Ailsh intrusion showed a maximum value of over 7,000 ppm La ? Ce in syenite and over 2,000 ppm in pyroxenite. Boreholes from the Loch Borralan pyroxenite showed enrichment in REE with a maximum value of over 2,500 ppm La ? Ce. The Cnoc nan Cuilean intrusion of the Loch Loyal Complex showed the greatest values, with the highest recorded value being over 25,000 ppm La ? Ce from a heterogeneous basic syenite.
Due to the recent increased global interest in REE, this area was selected for further study, focusing on the Loch Loyal Complex, where the highest values were identified. A short reconnaissance survey on the complex confirmed that the Cnoc nan Cuilean intrusion was of greatest interest. Mapping and 3D modelling of the intrusion (Hughes et al. 2013 ) have been followed up by geochemical and mineralogical work to investigate the REE mineralisation and the processes responsible for its genesis, and that work is reported in this paper.
Geology of the Loch Loyal Syenite Complex
The Loch Loyal Syenite Complex is situated close to the town of Tongue in northern Scotland, approximately 15 km east of the Moine Thrust Zone, which marks the leading edge of the Caledonian orogenic belt (Fig. 1) . It is a part of a suite of Silurian, high Ba-Sr syenitic to granitic plutons which extends across the Northern Highlands, and includes the alkaline igneous complexes within the Moine Thrust Zone (Thompson and Fowler 1986; Fowler et al. 2008) . The Loch Loyal Syenite Complex covers an area of about 24 km 2 , making it the largest group of alkaline plutons in the British Isles, and comprises three intrusions: Ben Loyal, Beinn Stumanadh and Cnoc nan Cuilean (Fig. 2) (King 1942; Robertson and Parsons 1974) . The country rocks to these intrusions are chiefly deformed Neoproterozoic metasedimentary rocks of the Moine Supergroup, with some inliers of Archaean 'Lewisianoid' orthogneisses. Field relationships show that the Loch Loyal Syenite Complex postdates Caledonian deformation in the country rocks (Holdsworth et al. 1999) . U-Pb dating of zircon indicates that the complex was emplaced at c. 426 Ma, but efforts to obtain precise dates have been hampered by the abundance of older inherited zircons (Halliday et al. 1987; Goodenough et al. 2011) .
The Ben Loyal intrusion is the largest intrusion within the complex, with a surface area of about 16 km 2 . It has an approximately semicircular shape truncated to the southeast by the Loch Loyal Fault, a major NE-SW trending dextral oblique fault separating Ben Loyal from the rest of the complex (Holdsworth et al. 2001) . The petrography of the whole complex has been described in detail by Robertson and Parsons (1974) and Parsons (1972) , and the Ben Loyal intrusion can be subdivided on the basis of mineralogical and textural characteristics. A foliated marginal syenite surrounds a core syenite where foliation is weakly developed or absent (Fig. 2) . The core unit is hypersolvus with only one perthitic feldspar present, and the marginal syenite is subsolvus, containing alkali feldspar and albite. The boundary between the two variants is gradational over several hundred metres (Robertson and Parsons 1974; Parsons 1999) .
The Beinn Stumanadh intrusion comprises a number of petrographically similar NW-SE-trending sheet-like intrusions which are truncated to the north-west by the Loch Loyal Fault (Holdsworth et al. 2001 ). The syenite is generally similar to the Ben Loyal marginal syenite, containing two feldspars (Robertson and Parsons 1974) .
The Cnoc nan Cuilean intrusion is the most heterogeneous and smallest of the three plutons (King 1942) , having a surface area of about 3 km 2 . It is also relatively poorly exposed. New mapping of the intrusion (Hughes et al. 2013) has shown that it can be subdivided into two main zones: the Mixed Syenite Zone and the Massive Leucosyenite Zone; Fig. 2 ). It is dominated by leucosyenite and more mafic melasyenite to monzodiorite, with crosscutting pegmatite sheets, microgranite veins and biotitemagnetite-rich alteration veins.
The Mixed Syenite Zone occurs on the lower slopes on the eastern and south-eastern sides of Cnoc nan Cuilean (Fig. 2) . This zone comprises a mafic syenite to monzodiorite phase and a felsic syenite phase, which show complex mixing and mingling textures. The chemical composition of the more mafic phase is highly variable, ranging from syenitic towards monzodioritic; here, we use the term 'melasyenite' as a generic descriptive term for the entire group. Similarly, the term 'leucosyenite' is used for the group of more felsic lithologies. The melasyenite has been partially assimilated by the leucosyenite in some areas, suggesting that both physical and chemical interaction between the two magma phases has occurred (Hughes et al. 2013) . Veins of leucosyenite and of later microgranite cut the melasyenite, and xenoliths of country rock are common in this marginal zone. The melasyenite is medium to coarse grained and typically contains more than 30 % mafic minerals, chiefly as clusters of clinopyroxene with some amphibole (Fig. 3a) (Hughes et al. 2013) . Titanite, apatite, allanite, and magnetite are common accessories (Fig. 3b) .
The Massive Leucosyenite Zone is found in the western area of the intrusion and on topographically higher areas such as the low hills of Meall Eudainn and Creag nan Cat (Fig. 2) . This zone is made up of a white to pink massive syenite, locally grading into syenogranite, with less than 10 % melasyenite as enclaves. These lithologies are mineralogically indistinguishable from those in the Mixed Syenite Zone, with the syenites and syenogranites being dominated by perthitic K-feldspar with lower modal abundance of plagioclase, 5-15 % quartz and\30 % mafic minerals. The boundary between the two zones is gradational and mapped entirely on the amount of melasyenite lithologies present, with a gradual reduction in melasyenite content over a distance of about 50-100 m. Syenitic pegmatites are present in both the main zones of the intrusion. They occur as irregular patches or sheets usually less than 20 cm wide and are associated with the leucosyenite phase. The term 'leucosyenite' is used as a generic group name for all the more felsic lithologies within the Massive Leucosyenite Zone, including syenites and syenogranites. Microgranite veins cut all other magmatic phases, including the pegmatites and xenoliths, in both zones of the intrusion (Hughes et al. 2013) . The veins are up to a few tens of centimetres wide and are discordant with sharp margins. They are medium grained, equigranular, and comprise roughly equal amounts of plagioclase, K-feldspar and quartz. Mafic minerals are generally absent.
The intrusion has been affected by post-magmatichydrothermal alteration, leading to the development of distinctive biotite-magnetite veins. These were identified in one stream section on the eastern side of the intrusion, and the extent of cover by glacial deposits means that their lateral extent is not known. The veins are 30-40 cm thick, steeply dipping, north-south trending and very friable. They crosscut all other lithologies, with the exception of the late microgranite veins. The central parts of these biotite-magnetite veins are considered to represent melasyenite that has been pervasively altered by hydrothermal fluids, grading outwards over tens of centimetres into relatively unaltered syenite and melasyenite (Hughes et al. 2013 ). The biotite-magnetite veins are very heterogeneous in composition and contain a wide range of minerals, including biotite, magnetite, clinopyroxene, amphibole, K-feldspar, allanite, apatite, barite and rarer accessory minerals such as ancylite, bastnaesite, strontianite and thorite. Biotite is the dominant mineral; it occurs as coarse dark green/brown crystals, as small (\0.5 mm) tabular crystals, and replacing other minerals (Fig. 3c) . It is often associated with amphibole.
Magnetite constitutes up to 20 % of these veins; it occurs as both coarse crystals with inclusions of biotite, apatite and allanite, and smaller crystals disseminated throughout the vein, particularly at vein margins ( Fig. 3d ) (Hughes et al. 2013) . Allanite and apatite locally comprise up to 25 and 30 % of the rock, respectively (Fig. 3 e, f), and are described in more detail below. Other trace minerals in the veins include thorite, strontianite and barite. Thorite occurs as inclusions or veinlets within allanite and has caused radial cracking in the host allanite due to radiation damage. Trace amounts of barite and strontianite occur, commonly infilling vugs in magnetite.
Country rock xenoliths, including Moine psammites and semi-pelites and Lewisianoid gneisses, are present in both zones although are more abundant in the Mixed Syenite Zone. They are commonly found in the marginal areas of the intrusion. Some of these are relatively unaltered Fig. 2 Geological map of the Loch Loyal Syenite Complex after Robertson and Parsons (1974) ; Holdsworth et al. (1999) ; Hughes et al. (2013) although others show evidence of partial assimilation, or alteration similar to that in the biotite-magnetite veins.
Occurrence of REE-bearing minerals at Cnoc nan Cuilean

Allanite
Allanite is the main REE-bearing mineral in the Cnoc nan Cuilean intrusion, being present in all major lithologies. It is most dominant in the biotite-magnetite veins, where it comprises up to 25 % of the rock, and is more abundant in the melasyenite (1-7 %) than in the leucosyenite (\1 %). Petrographic evidence suggests that there are three main generations of allanite in the Cnoc nan Cuilean intrusion: (1) late-magmatic allanite found in all the syenites and in the biotite-magnetite veins; (2) post-magmatic-hydrothermal allanite veinlets also found in all the lithologies; and (3) postmagmatic, large allanite crystals found only in the biotitemagnetite veins.
The late-magmatic allanite is present in all syenite lithologies, although predominantly in the melasyenite. It is generally anhedral to subhedral, dark brown to reddish brown and strongly pleochroic. It is present as narrow rims around apatite or as blocky crystals interstitial to minerals such as clinopyroxene, titanite and apatite and is therefore thought to have formed late in the crystallisation sequence (Fig. 4a, b) .
Narrow allanite veinlets ranging from\1 to about 4 mm wide occur in all syenite types although predominantly in the melasyenite (Fig. 4c) . These veinlets cut all other mineral phases, so must have formed after crystallisation of the host syenite, but are crosscut and offset by the later microgranite veins.
The third generation of allanite is found only in the biotite-magnetite veins. Crystals are coarse (up to *5 mm) and vary in colour from dark red-brown to yellow (Fig. 3e) . Use of a scanning electron microscope (SEM) under back-scattered electron (BSE) imaging conditions shows that some allanite in these veins occurs as euhedral crystals with complex growth zoning (Fig. 4d) , whereas other crystals have massive internal textures with some irregular, patchy zoning and common inclusions of magnetite and apatite (Fig. 4e) . Allanite has been shown to be prone to hydrothermal alteration (Morin 1977; Wood and Ricketts 2000; Poitrasson 2002) , Fig. 4 and all allanite generations in the Cnoc nan Cuilean samples show evidence of alteration, particularly the biotite-magnetite vein allanite. Altered areas appear yellow in thin section and are verging on isotropic (Fig. 3e) . These altered areas generally appear darker in BSE imagery, suggesting that the mean atomic number has decreased; this is consistent with the incorporation of water during alteration (Ghent 1972) . The pattern of alteration varies; it can appear as patchy 'halos' near fractures with irregular limits (Fig. 4e, f) , or preferentially along some original growth zones parallel to crystal margins (Fig. 4d) . The latter type of alteration along zoning is more common in the coarse biotite-magnetite vein allanite, but is also seen in the latemagmatic allanite in melasyenite samples (Fig. 4g ). In the biotite-magnetite veins, extensive hydrothermal alteration has locally destroyed the zoning entirely (Fig. 4h) .
Apatite
Apatite is present in all magmatic lithologies and in the biotite-magnetite veins and represents a likely secondary host for the REE. Similarly to allanite, it is most abundant in the biotite-magnetite veins (10-30 %). Melasyenite generally contains 2-10 % apatite, whereas leucosyenite has \1 %. Apatite commonly occurs as euhedral grains associated with clinopyroxene and titanite, with common allanite rims. A second stage of apatite formation can be recognised in the biotite-magnetite veins, where clusters of earlier apatite are enclosed within larger zoned apatite crystals. Some of these appear to have been resorbed into the later apatite leaving internal crystal outline textures (Fig. 5a ). Back-scattered electron images show that some crystals contain annealed fractures (Fig. 5b) . Apatite grains commonly occur at the core of zoned allanite crystals or as inclusions within allanite.
Titanite
Titanite is common in all syenite lithologies, making up 1-5 % of the leucosyenite and 2-7 % of the melasyenite. It generally occurs as euhedral, rhombic crystals, commonly in mafic clusters with clinopyroxene, apatite and allanite (Fig. 3a) . Grain size varies between about 50 lm and 1 mm, and larger crystals show faint zoning (Fig. 5c ). In the biotitemagnetite veins, titanite is generally only present in trace amounts as inclusions within mafic minerals or in clusters associated with clinopyroxene and amphibole.
Other REE-bearing minerals An unidentified Sr-enriched REE-carbonate forms bifurcating veinlets up to about 50 lm thick that crosscut all mineral phases within the biotite-magnetite veins, indicating that this is the last REE-bearing phase to form ( Fig. 5d ). This mineral also infills vugs within the biotitemagnetite veins.
Analytical techniques
Mineral chemistry
Quantitative microanalysis was carried out on minerals from on a range of melasyenite and biotite-magnetite vein samples. A total of 465 analyses were obtained, but many of these were from areas that have been affected by alteration and metamictisation. Allanite was the focus of this analysis, particularly the late-magmatic and biotite-magnetite vein phases, but other REE-bearing minerals, such as apatite, titanite and REE carbonates, were also analysed.
These minerals were analysed at the British Geological Survey petrography and microanalysis facility laboratories. Polished thin sections were carbon coated to a thickness of 25 nm using an EMITECH 960L evaporation-coating unit. Quantitative microanalysis of the samples was performed using an FEI QUANTA 600 environmental scanning electron microscope (SEM), fitted with an Oxford Instruments X-MAX large area (50 mm 2 ) silicon drift detector (SDD) energy-dispersive X-ray microanalysis (EDXA) system, run with Oxford Instruments' INCA (v.4) software. SEM-based analysis was particularly suited to the complex and very fine nature of the mineral textures and compositional variations seen within these samples, and to the need for clear imaging of the textures.
For microanalysis, the SEM operated under conditions of high vacuum (\1.2 9 10 -4 Torr), using an accelerating voltage of 20 kV, at the instruments' optimal analytical working distance of 10.00 mm with a detector take-off angle of 45°. Beam current conditions were customised to take account of the beam sensitivity of various analysed mineral phases; altered allanite and carbonates in particular were expected to be sensitive and were exposed to lower beam current. On the FEI Quanta 600, beam current is controlled by spot size on a scale of 1-10; values between 6.0 and 7.4 were used, equating to Faraday cup measured currents of 2-10 nA. Analytical livetimes of 30-60 s were used for spot and small area (\5 lm across) raster analyses. Area raster analyses were again used where mineral beam sensitivity was considered to be a factor. EDXA detector noise reduction process time was set to optimise for the instrument conditions, detector type and elemental compositions of the mineral phases being analysed (INCA software 'Process time' setting 4). INCA software applies ''phi-rho-z'' matrix correction methods (after Pouchou et al. (1990) ) and uses multiple least squares for peak deconvolution.
The SEM used for quantitative microanalysis has been calibrated using a combination of pure element and mineral standards. These calibrations have been checked against and found to be in excellent agreement with BGS standards (cross-checked against other beam instruments), National Institute of Standards and Technology (NIST) samples (e.g. NIST610, 612; compositions taken from Jochum et al. (2011) ) and also manufactured REE standards (Drake and Weill 1972) . These show that for major elements in a silicate matrix, bias is less than 5 % and precision (at 2 9 SD) better than 6 % (and better than 2 % where the element concentration is [10 wt%). Specifically for the REE, in silicate matrix materials with 3-4 wt% of various REE groupings, bias is typically less than 5 % with some exceptions (e.g. Nd and Y at around 10 %), and precision is better than 6 %. These are consistent with the findings outlined in the ASTM Standard-E1508 (2012a) guide for quantitative EDXA, which indicate that the methodology produces comparable quality results to conventional WDXA major element analysis.
Procedures used for the SEM-EDXA quantitative microanalysis were in line with those recommended by the ASTM Standard (ASTM Standard-E1508 2012a). Prior to analysis, beam stability was established by initial monitoring of specimen current over an extended period ([30 min) whilst in spot mode on a Co primary standard. As final confirmation of stability, three consecutive analyses run on the Co primary standard were required to return totals within a \1 % range before proceeding. During collection of microanalysis data, repeat Co standard calibrations were performed every 20 min to monitor and correct for beam drift.
The formula of allanite was calculated on the basis of 12.5 oxygen atoms. Representative analyses of allanite and other REE-bearing minerals are given in Table 1 ; a fuller version of the dataset is reported in tables A and B in the electronic annex.
U-Pb geochronology U-Pb geochronology was conducted on titanite and allanite using a laser ablation inductively coupled mass spectrometer system (LA-ICP-MS) at the NERC Isotope Geosciences Laboratory, Nottingham. A New Wave Research UP193ss laser ablation system was utilised along with a Nu Instruments Attom HR-ICP-MS. The method for titanite analysis is reported in Thomas et al. (2013) , and the method for allanite is the same as that for monazite, as reported in Palin et al. (2013) . In brief, ablation consisted of a 30 s ablation using 35 lm spots, a fluence of *2.5 J/cm 2 , with a washout of 10 s. 207 Pb/ 206 Pb and 206 Pb/ 238 U ratios were normalised to matrix-matched reference materials; the precision and accuracy achieved were both 2-3 %. Allanite was normalised to an in-house material (40010; Roberts et al. (2012) ), and Tara was used as a secondary reference material to check on precision and accuracy and produced an age of 414 ± 15 (accepted age 415 ± 3 Ma; Gregory et al. (2007) ). Titanite was normalised to Ontario2 (Spencer et al. 2013) , and Fish Canyon Tuff titanite was used as a secondary reference material; the age obtained was 29.5 ± 1.2 Ma (accepted age 28.4 ± 0.05 Ma; Schmitz and Bowring (2001)).
Whole rock geochemistry
Samples were crushed, subsampled and milled using an agate ball mill. Major element oxide concentrations were determined by X-ray fluorescence spectroscopy (XRF) and trace and REE by inductively coupled plasma mass spectrometry (ICP-MS) at the British Geological Survey (BGS). Samples for ICP-MS underwent 'total' dissolution using a sodium peroxide fusion, followed by a mixed acid dissolution. Samples for XRF were dried at 105°C and then heated to 1,050°C for an hour before loss on ignition was determined. Fused beads were produced by fusion at 1,200°C. Uncertainty budgets (expanded uncertainty with a coverage factor of 2, representing the 95 % confidence interval) have been calculated for XRF fused bead work during the method validation before UKAS accreditation of the laboratories at BGS (now PANalytical Nottingham). Estimates of the absolute uncertainty, at analyte concentrations at least an order of magnitude greater than the reporting limit, are from 0.1 to 1 % for the major elements. Routine chemical quality control solutions demonstrate typical long-term precision of analyses better than 10 % relative standard deviation (RSD) for most elements by ICP-MS. Analyses of a wide variety of reference materials demonstrate typical long-term precision of analyses better than 15 % RSD for most elements; this assumes that they are significantly higher than detection limits.
Mineral chemistry of REE-bearing minerals at Cnoc nan Cuilean
Allanite and alteration products Allanite was analysed from three melasyenite samples, three biotite-magnetite vein samples and one sample from the contact of the biotite-magnetite vein. All of the analysed crystals are allanite-(Ce) with the general formula (Ca, Ce, La, Nd, Y) 2 (Al, Fe 2? , Fe 3? , Ti) 3 (SiO 4 ) 3 (OH) and are Light Rare Earth Element (LREE) dominated (Table 1) . Late-magmatic allanite was analysed from all three melasyenite samples, but the allanite micro-veinlets are a relatively minor constituent and were only analysed in one sample of melasyenite. Post-magmatic biotite-magnetite vein allanite was analysed from four samples within and at the contact of a vein. Data for representative samples are given in Table 1 , and a wider dataset is presented in Table A in the electronic annex.
The late-magmatic allanite has relatively consistent Total Rare Earth Oxide (TREO) values (13-25 wt%), and the micro-veinlet allanite shows similar concentrations (19-23 wt%). TREO concentrations for the biotite-magnetite vein allanite vary more widely, from 9 to 52 wt%, although allanite with the more extreme TREO contents typically shows very poor analytical totals. This wide range is probably a consequence of original growth compositional variations combined with the extensive and varied degree of alteration. REO distributions show that all the allanite is Ce dominated (averaging 50-52 % of the TREO across all samples). La contents are lower and more variable (averaging 29 % in the biotite-magnetite veins and 25 % in the late-magmatic allanite) as are Nd contents (averaging 14 and 17 %, respectively). Y and the HREO are rarely detectable.
TREO and TiO 2 in the full allanite dataset have a very weak positive correlation (correlation coefficient 0.18), indicating the likelihood of different controls on their behaviour. Al 2 O 3 content shows a moderate negative correlation (correlation coefficient 0.68) with TREO content (Fig. 6a, b) ; this is typical, as increasing REE contents are typically associated with replacement of Al by ferrous iron to balance the charge of the REE (Petrik et al. 1995) . These trends are more pronounced in the late-magmatic and micro-veinlet allanites, but are also seen in allanite from the biotite-magnetite veins.
Allanite compositions expressed in terms of aluminium and total REE ? Y ? Th ? Sr ? Mn contents are projected in the diagram of Petrik et al. (1995) (Fig. 6c) (Vlach and Gualda 2007) .
As discussed earlier, the most altered areas in allanite crystals generally appear darker grey in BSE imagery. Quantitative analysis shows that these altered areas have low analytical totals, probably due to the incorporation of volatiles such as water during the alteration process (Ghent 1972) . Altered areas are typically characterised by higher Sr, Ti, Mn and Th contents but lower REE, Al, Ca and Si contents than the unaltered allanite. An exception to this is represented by certain zones of allanite in the biotite-magnetite veins, which are characterised by high BSE brightness and low analytical totals but considerable REE enrichments. They are also depleted in Ca, Al, Si, as are other altered areas and show relatively high Th and Sr levels, but are not enriched in Ti or Mn.
Both these alteration characteristics are clearly shown in one biotite-magnetite vein sample (HH18) where alteration has occurred preferentially along the original growth zones.
SEM-EDXA-derived element mapping clearly shows the compositional differences between each zone (Fig. 7) . A dark, highly altered zone recognised in BSE imagery is depleted in Al, Si and REE and is Th-rich. In contrast, a high brightness zone is clearly REE enriched; quantitative analyses in this zone show up to 38.6 % TREO. Nd, F and Sr have not been included on this element map due to interference from other elements.
Alteration features emphasise original characteristics, for example, growth zones-it appears that more Th-rich bands have been altered to a greater extent than those less Th-rich. The extent of the alteration may be due to metamictisation and destruction of the crystal structure, due to bombardment by alpha particles that result from the decay of radioactive elements such as Th in the mineral. This lowered stability makes the mineral more susceptible to alteration (Deer et al. 1992) . The analyses show a moderately developed negative correlation between analytical total and Th content, providing further evidence that increased degree of alteration is linked to thorium content (Fig. 6d) .
Other REE-bearing minerals
Apatite
Apatite from the biotite-magnetite veins on average contains slightly higher TREO values than that from the melasyenite, though the differences are small. Distribution of REE within the vein and melasyenite apatites is very similar (Table B of  ESM) . Both are Nd dominated (44 % of the REE on average) followed by Ce and La (30 and 18 %, respectively) and no detectable Y or HREO. Fluorine contents are high, although quantitative values are not obtained from the SEM; apatite from both the melasyenite and the biotite-magnetite veins is actually fluorapatite. All grains analysed are also relatively Sr-rich with values up to 1.9 wt%. Th is rarely detectable, with a maximum value of 0.6 wt%.
Titanite
Some titanite was analysed from one of the melasyenite samples (Table B of ESM) . TREO values range from f Aluminium. g Thorium. h Chlorine. i Calcium. j Graph showing element variation across grain 3.01 to 4.91 wt%, and they are Ce and Nd dominant with these elements making up an average of 43 and 40 %, respectively, of the total REE. Unlike the other REEbearing minerals, Y is detectable in some analyses, up to 0.93 wt%.
REE carbonates
The REE-carbonate veins show the highest TREO contents of all REE-bearing minerals in the Cnoc nan Cuilean intrusion, with up to 68.35 wt% TREO. The REE-Sr 
U-Pb geochronology of allanite and titanite, Cnoc nan Cuilean
Allanite and titanite from a biotite-magnetite vein sample (HH18) were selected for U-Pb geochronology. The analysed allanite forms a large crystal with complex growth zoning (Fig. 4d) . As described above, this allanite contains zones that are near-isotropic in thin section and appear dark in BSE imagery; quantitative analysis has shown that these zones are highly altered and are REE depleted. The same crystal also contains zones that appear very bright in BSE imagery; these are also highly altered, but are REE enriched.
Both dark and bright zones were analysed (Fig. 8) , and both had high common lead contents (Table C, electronic annex). The dark allanite, when anchored to an estimated common lead composition based on Stacey and Kramers (1975) , gives a poor regression (MSWD = 5.8) to a lower intercept of 424 ± 34 Ma. The bright allanite partly overlaps this regression, but has a much greater spread, and ranges to higher U/Pb ratios; this is interpreted as opensystem disturbance of the U-Pb systematics in these parts of the allanite mineralisation.
Titanite has much lower common lead content that the allanite, giving an overlapping but more robust age of 426.1 ± 8.3 Ma (MSWD = 0.73). A regression through both allanite and titanite gives an equivalent age of 426.5 ± 7 Ma (MSWD = 4.9), indicating that the estimated common lead compositions are accurate. Both allanite and titanite crystallised at c. 426 Ma, which overlaps with the previous estimate of pluton crystallisation based on zircon ages (Halliday et al. 1987) . However, the difficulty of obtaining high-precision ages from these altered lithologies means that it is not possible to separate out the different events recognised on the basis of petrography.
Whole rock geochemistry of the Loch Loyal syenites
Major elements
Twenty-eight samples from all parts of the Loch Loyal Syenite Complex were analysed for major elements by XRF, with the majority of samples from the Cnoc nan Cuilean intrusion. There is considerable major element variation between the different lithologies within the Cnoc nan Cuilean intrusion, compared to the relatively homogenous Ben Loyal and Beinn Stumanadh syenites (Table 2 ; Fig. 9 ). The compositions of the Ben Loyal, Beinn Stumanadh and Cnoc nan Cuilean leucosyenite predominantly lie in the syenite field of the total alkali-silica diagram (Fig. 9) with the Cnoc nan Cuilean melasyenite group varying in composition from monzodiorite to syenite. The compositions of the leucosyenite range from 63-76 % SiO 2 and 9-12 % Na 2 O ? K 2 O. The melasyenite contains less silica, ranging from 49-65 %, and has a broader range of Na 2 O ? K 2 O values (4-12 %). This is consistent with field and petrological observations which show the Ben Loyal and Beinn Stumanadh intrusions to be relatively homogenous and Cnoc nan Cuilean to be highly heterogeneous. The biotite-magnetite veins are too highly altered to be classified using this diagram.
Major element variation diagrams show extensive element arrays for the Cnoc nan Cuilean lithologies, but again, the Ben Loyal and Beinn Stumanadh syenites are relatively homogeneous (Fig. 10) . MgO, CaO and Fe 2 O 3 levels decrease as silica increases which is consistent with progressive removal of mafic minerals such as clinopyroxene and amphibole from a mantle-derived parent magma. P 2 O 5 shows a similar relationship with silica suggesting progressive removal of apatite from the melt. Levels of Na 2 O, K 2 O and Al 2 O 3 increase with silica although K 2 O and Al 2 O 3 show inflections at about 60 % silica, presumably indicating the onset of K-feldspar fractionation.
Trace elements
A larger suite of 42 samples was analysed for trace elements and REE by ICP-MS. Trace element variations within the Cnoc nan Cuilean lithologies are extensive, but again, the Ben Loyal and Beinn Stumanadh syenites are relatively homogeneous (Table 3 ; Fig. 11 ). All lithologies have high concentrations of Ba, Sr and the LREE and low levels of Nb, Ta and the heavy REE (HREE). These characteristics support their classification as part of the high Ba-Sr igneous suite by published work (Tarney and Jones 1994; Fowler et al. 2008) . The melasyenite shows the highest Ba and Sr contents with averages of 8,887 and 3,036 ppm, respectively, and ranges of 1,692-24,765 ppm and 1,259-5,866 ppm.
Multi-element normalised diagrams for all Loch Loyal lithologies are shown in Fig. 11 . Although the overall element concentrations differ greatly, the syenites share similar patterns, suggesting that the magmas were derived from a common source region. All patterns show common features such as distinct Nb, Ti and P troughs and enrichment in Th, Ba, Sr and the LREE. The negative Nb-Ta anomaly is likely to be a signature of subduction-related magmatism (Fowler et al. 2008) , although it could also indicate crustal contamination. The Ti and P troughs may have been generated by early apatite and titanite fractionation. The REE and Ba, Sr and Th are notably enriched in the melasyenite over the leucosyenite, and the highest contents are found in some biotite-magnetite vein samples. However, the overall trace element pattern in the biotite-magnetite veins is similar to that in the melasyenite, supporting the hypothesis that these veins formed by extensive hydrothermal alteration of melasyenite rather than by introduction of a later magmatic component.
Rare Earth Elements
Rare Earth Element data were normalised to chondrite using normalising factors from McDonough and Sun (1995) , and REE plots are shown in Fig. 12 . As with the trace elements, the REE plots for each lithology show very similar, smooth patterns with enrichment in the LREE, large La/Yb ratios (usually between 50 and 100), and no Eu anomalies. The patterns for the Ben Loyal and Beinn Stumanadh syenites are very similar to the Cnoc nan Cuilean leucosyenite. Total REE contents decrease with increasing SiO 2 , and thus, the Cnoc nan Cuilean melasyenite has distinctly higher REE contents than the leucosyenite (Fig. 12a, b) . This can be attributed to the REE exhibiting compatible behaviour at a relatively early stage of magma evolution, with crystallisation of REE-bearing accessory phases such as allanite, titanite and apatite in the melasyenite (Fowler et al. 2008) . The parental magmas are likely to have been characterised by very high REE contents.
The biotite-magnetite veins have a similar REE pattern to the melasyenite, with significant enrichment in the LREE. Some samples show a distinct positive Ce anomaly (Fig. 11c) , which may be due to the presence of oxidised Ce 4? in cerianite formed by alteration of other REE minerals (Styles and Young 1983) .
Rare Earth Element data were converted to Total Rare Earth Oxide (TREO) for consistency with reported grades from deposits currently being evaluated for REE extraction. The highest REE values are present in the biotitemagnetite veins with TREO values of up to 20,000 ppm. As discussed, the melasyenite is more enriched than the leucosyenite with average values of 3,800 and 1,400 ppm REO, respectively. All lithologies are LREE dominated (as is the case with most REE deposits) with \3 % HREE. Ce represents nearly 50 % of the total REE content in the mela-and leucosyenite, whilst in the biotite-magnetite veins, it averages 68 % of the total REE content.
Discussion
The Cnoc nan Cuilean intrusion contains the highest TREO values known from any igneous rocks in the UK, and the new data presented here allow us to consider the processes by which the REE have been concentrated in this intrusion. Any model for REE enrichment must incorporate the following points:
1. The Loch Loyal Syenite Complex as a whole has high REE contents compared to rocks of similar composition elsewhere in the UK (Fowler et al. 2008) , indicating that the original magmas were characterised by high REE contents. 2. The melasyenite has much higher REE contents than the leucosyenite, indicating early compatibility of the REE during crystallisation. 3. The highest REE contents occur in hydrothermally altered veins within the Mixed Zone syenite. The source of these hydrothermal fluids, and the processes by which the REE were concentrated, needs to be understood.
These issues are explored in more detail below.
Origin of the REE enrichment in the source magmas at Loch Loyal
The Loch Loyal Syenite Complex is part of a group of high Ba-Sr granite and syenite plutons with minor mafic to ultramafic and carbonatitic components, occurring throughout the Northern Highlands (Thompson and Fowler Table 3 continued Ce (ppm)
Pr ( 1986; Fowler et al. 2001 Fowler et al. , 2008 . These plutons all have characteristic trace element patterns, including enrichment in Ba, Sr and the LREE, but relatively low contents of high field strength elements such as Nb, Ta and Th (Tarney and Jones 1994; Fowler et al. 2008) . The ultimate source of these magmas is now generally thought to be in mantle that was modified by the subduction of Iapetus ocean crust below Laurentia (Fowler et al. 2008) . Fowler et al. (2008) used samples from the Ben Loyal intrusion to show that the Loch Loyal Syenite Complex had similar REE patterns, but notably high LREE contents, when compared with all other plutons in the Northern Highlands high Ba-Sr suite. Whereas the Ben Loyal intrusion is composed of relatively homogeneous leucosyenite, Cnoc nan Cuilean contains abundant more mafic lithologies with yet higher REE contents, and Cnoc nan Cuilean is thus the most REE-enriched intrusion in the Northern Highlands by a significant margin. There are no isotopic data for the Cnoc nan Cuilean lithologies, but as there is a good inverse correlation between contents of the LREE and SiO 2 for all rock-types from the Loch Loyal Syenite Complex, it is likely that they were all derived from the same magmatic source which subsequently underwent fractional crystallisation. The presence of the highest REE contents in the most mafic lithologies demonstrates that this enrichment must have been present in the mantle-derived parental magmas and cannot be attributed to subsequent assimilation of local crustal material. Saturation levels for the LREE in felsic magmas are relatively low, but are significantly higher in mafic magmas (Miller and Mittlefehldt 1982) ; the early onset of allanite crystallisation at Cnoc nan Cuilean thus indicates high LREE contents in the parental magmas. Similar inverse correlations between REE and SiO 2 content have been recorded in another suite of mixed magmas within the Northern Highlands suite, the Ach'Uaine hybrids (Fowler and Henney 1996) , although these do not attain REE concentrations as high as those observed at Cnoc nan Cuilean.
On the basis of isotopic and trace element evidence, Fowler et al. (2008) have proposed that the parental magmas to the high Ba-Sr intrusions were derived from a Caledonian Parental Magma Array (CPMA) that extended from isotopically and elementally depleted to enriched compositions. Loch Loyal was shown to lie at the enriched end of this array, with e Nd values around -6. The sources of these magmas are considered to have been in subduction-modified lithospheric mantle, with the introduction of a carbonate component explaining the high Ba-Sr signatures. Two possibilities have been proposed for this carbonate component: earlier carbonatite-derived metasomatism of the lithospheric mantle during extension (Goodenough et al. 2004) , or introduction of pelagic sediments, which are typically enriched in Ba, Sr and the LREE (Plank and Langmuir 1998) , during subduction. Introduction of around 10 % of such sediment can be modelled to fit the isotopically enriched end of the CPMA (Fowler et al. 2008 ) and thus provides the best available fit for existing data.
Similar features have been recognised in the Cenozoic Mianning-Dechang REE belt in the Sichuan province of China (Hou et al. 2009 ). This belt of syenite-carbonatite igneous complexes, intruded into a Cenozoic collisional zone, is associated with several REE deposits including the giant Maoniuping deposit (Hou et al. 2006 (Hou et al. , 2009 Xu et al. 2008) . The syenite and associated carbonatite intrusions in this area have high Ba, Sr and LREE contents, but are low in the HFSE and are isotopically enriched (low e Nd , high 87 Sr/ 86 Sr). They thus provide an excellent analogue for the Loch Loyal Syenite Complex and other enriched members of the CPMA. A component of subducted carbonate-rich pelagic sediment has been proposed as the source of the chemical characteristics of these Chinese magmas and hence also of the major REE deposits (Hou et al. 2006) . This igneous belt is thus a good analogue for the Northern Highlands igneous suite.
Concentration of the REE in more mafic lithologies
Within the Loch Loyal Syenite Complex, and especially in Cnoc nan Cuilean where substantial compositional variation is recognised, the REE are clearly more abundant in the more mafic lithologies. This pattern is unusual, because the REE are generally considered to behave incompatibly and thus should be enriched in the more evolved, silicic lithologies, although crystallisation of allanite is known to remove the LREE from the most evolved magmas in some cases (Miller and Mittlefehldt 1982) . Similar features have been recorded in some other suites (Sawka et al. 1984) . Such patterns are also recognised in other intrusions of the Northern Highlands suite, notably in the Ach'Uaine Hybrid appinites which also include a wide range of compositions (Fowler and Henney 1996) .
The inverse correlation of the REE with SiO 2 can be attributed to fractional crystallisation of a mantle-derived basic magma that was close to saturation in the LREE, leading to early development of REE-rich accessory minerals such as apatite, titanite and allanite (Fowler et al. 2008) . At Cnoc nan Cuilean, crystallisation of the REEenriched parental magma led to the formation of early euhedral mineral phases such as clinopyroxene, titanite and apatite. This was followed by the later crystallisation of other magmatic phases, chiefly feldspars, with late-magmatic allanite forming as rims round apatite and interstitial to earlier minerals. Much of the REE budget of the magma was taken up by the allanite, apatite and titanite at this early stage of magmatic evolution, so that the more evolved leucosyenite has lower REE contents. Mobilisation and enrichment of REE As described above, the REE are most significantly enriched in the more mafic melasyenite of Cnoc nan Cuilean, where they are hosted in late-magmatic allanite. The melasyenite was partially crystallised by the time that a leucosyenitic magma was introduced into the magma chamber, creating the Mixed Syenite Zone with examples of magma mixing and mingling, and the overlying Massive Leucosyenite Zone. Cooling and crystallisation within this magma chamber led to fracturing of the syenite, and these fractures were then infilled by allanite micro-veinlets. Such micro-veinlets are present throughout the syenite intrusion, and formation of these is attributed to a late-magmatic-hydrothermal system.
Subsequently, an episode of microgranite veining crosscuts and offsets these allanite micro-veinlets. At approximately the same time, alteration of the syenite in the Mixed Syenite Zone by hydrothermal fluids circulating along cracks led to the development of discrete biotitemagnetite veins. The microgranite veins transect, and anastomose through, these biotite-magnetite veins. The early stages of formation of the biotite-magnetite veins appear to have been associated with the growth of large, often zoned crystals of allanite, magnetite, and apatite, and the alteration of many magmatic minerals to biotite. These fluids are likely to have been associated with very evolved magmas rising from depth in the magma chamber, which are now represented by the thin microgranite veins that represent the last magmatic event in the intrusion. The apatites that formed at this time are fluorapatites, indicating the likelihood that the fluids were also enriched in F. Complexing with fluoride is one of the main ways in which the LREE can be transported in hydrothermal fluids (Salvi and Williams-Jones 1990) . The biotite-magnetite veins have only been recognised within the Mixed Syenite Zone, which already contained REE-enriched melasyenite, and this indicates that REE mobility occurred over relatively small spatial scales.
Subsequent events within the intrusion, and possibly introduction of a new batch of fluids, caused fracturing of McDonough and Sun (1995) the biotite-magnetite veins and alteration of the vein allanite. Alteration occurred preferentially along growth zoning. The altered, darker areas of the allanite show lower Al, Si, Ca and total REE contents but are relatively enriched in Sr, Th, Mn, Ti, F, P and Cl. The high Th contents may be derived from original growth zoning and may indicate that alteration was focused along zones that had been affected by metamictisation. Some altered, brightcoloured zones within allanite crystals are enriched in the REE, and results from U-Pb geochronology indicate the likelihood of open-system behaviour in these zones, with introduction of REE from outside the host crystal. REE leached from altered allanite were also incorporated into the fluid and reprecipitated into fractures, forming REE-Srcarbonate and REE-carbonate veins. Although these contain greater concentrations of REE, their REE patterns are similar to the allanite. The presence of carbonate minerals suggests the possibility that these last fluids to circulate within the intrusion were carbonate rich.
Similar hydrothermal alteration is recorded in a number of other intrusions, notably the Thor Lake Syenite in Canada which hosts the Nechalacho Zr-Nb-REE deposit. Here, hydrothermal alteration of syenite has produced zones rich in magnetite and biotite which were temporally associated with the formation of a range of accessory minerals including allanite (Sheard et al. 2012 ). As at Cnoc nan Cuilean, these minerals both replaced earlier phases and infilled fractures in primary minerals. In the Shuiquangou syenitic complex, Northern China, hydrothermally altered syenite also exhibits the introduction of biotite and allanite (Jiang et al. 2003) .
The hydrothermal fluids that concentrated the REE at Cnoc nan Cuilean were most probably derived from within the associated magma chamber, with mobility of REE on a scale no larger than that of the intrusion. However, it is also possible that they were introduced by exotic mineralising fluids. Both possibilities have been recognised in other localities enriched in the REE. Hydrothermal magnetiteapatite systems with REE enrichment, hosted in granitoid intrusions, have been investigated using Nd isotopes, and this work has shown that the REE are largely derived from their associated igneous rocks (Gleason et al. 2000) . However, in other REE-mineralised deposits such as the Ivigtut pluton in Greenland and Olympic Dam in Australia, Nd isotope data have been used to show that exotic, mantle-derived fluids have introduced the REE and other elements into hydrothermally altered granitoids (Johnson and McCulloch 1995; Goodenough et al. 2000) . In the Shuiquangou complex, both late-magmatic and externally derived fluids have been inferred (Jiang et al. 2003) . Minerals from the Cnoc nan Cuilean biotite-magnetite veins contain very few fluid inclusions that would be suitable for study, and so fluid compositions can only be inferred from compositions of minerals in these veins. All the Cnoc nan Cuilean allanite has relatively similar compositions and REE patterns, and the late REE-carbonate minerals also have similar REE patterns. The chemical compositions of the REE minerals thus do not provide evidence for introduction of exotic fluids. However, the apparent introduction of carbonate ions into the intrusion at a late stage in its development, forming the REE-carbonate minerals in fractures, may indicate a relatively small component of late-stage exotic, carbonate-bearing fluid. Detailed isotope work would be required to elucidate the origins of these fluids.
At Cnoc nan Cuilean, detailed petrography and analysis of mineral chemistry have demonstrated the probability of three separate episodes of fluid circulation and hydrothermal alteration:
1. The first episode was related to crystallisation of the leucosyenite, with late-magmatic fluids circulating and depositing micro-veinlets of allanite into fractures throughout the syenite. 2. The second hydrothermal episode was focused in the Mixed Syenite Zone and formed the biotite-magnetite veins. This episode is considered to be related to the introduction of highly evolved, K-rich fluids related to small amounts of the final, highly evolved granitic magmas within the syenitic magma chamber. These fluids were enriched in F, allowing complexing and mobility of the REE and leading to the formation of fluorapatite and zoned allanite. 3. A subsequent, final hydrothermal event caused alteration of the zoned allanite and precipitation of Srenriched REE-carbonate minerals as thin veinlets. These late, carbonate-bearing fluids may have been derived from a source outwith the Cnoc nan Cuilean magma chamber. Minor carbonatites are known in the Northern Highlands igneous suite (Young et al. 1994) , and it is possible that these latest fluids may be related to carbonatite activity at depth.
U-Pb geochronology gives imprecise ages for allanite and titanite in the biotite-magnetite veins, probably due to open-system behaviour and alteration. These ages overlap with the crystallisation age of zircon in the Cnoc nan Cuilean leucosyenite (Halliday et al. 1987 ) and do not allow distinction of the timing of the different hydrothermal events.
Conclusions
The Cnoc nan Cuilean intrusion of the Loch Loyal Syenite Complex is significantly enriched in the REE, with maximum TREO values up to 2 %, comparable with deposits currently being considered for exploitation. However, the full scale of this mineralisation is unknown, due to poor exposure of the friable veins in which the highest REE contents are found. Petrographic, geochemical and mineral chemistry data suggest that this REE enrichment is due to a combination of magmatic and postmagmatic processes.
The magmas from which the Loch Loyal Syenite Complex formed were markedly enriched in the REE, and the setting is analogous with similar intrusive suites in the Sichuan Province of China that host major REE deposits. On the basis of current data, the REE enrichment of the Northern Highlands magmas can be ascribed to the introduction of LREE-enriched pelagic carbonates into a Caledonian subduction zone (Fowler et al. 2008) . Fluids derived from these carbonates and from the subducting slab were introduced into the mantle wedge, which then melted to produce REE-enriched parental magmas.
These parental magmas were saturated in the LREE, and as a consequence the LREE behaved compatibly. As the magmas began to crystallise in a crustal magma chamber at Cnoc nan Cuilean, LREE-rich minerals such as apatite and allanite were part of the mineral assemblage developed in early, relatively mafic melasyenite. These were subsequently intruded by leucosyenitic magmas that have lower REE contents. As the magma chamber cooled, circulating late-magmatic fluids deposited micro-veinlets of allanite.
The last magmatic episode in the Cnoc nan Cuilean magma chamber involved the emplacement of microgranitic veins, associated with highly evolved fluids that were K-and F-rich. These fluids caused pervasive hydrothermal alteration along discrete fluid pathways in the melasyenite, generating biotite-magnetite veins with abundant allanite and apatite, and high REE contents. The REE complexed with F in the fluids and were remobilised, then reprecipitated in the biotite-magnetite veins. A final episode of hydrothermal fluid activity followed the fluid pathways represented by these veins, and caused alteration of existing allanite with the precipitation of REE carbonate minerals. These fluids may have been derived from outside the Cnoc nan Cuilean magma chamber.
The extent of the REE-enriched biotite-magnetite veins at Cnoc nan Cuilean is not known, but by analogy with similar intrusions, it is likely that they have a significantly greater extent than can be recognised with the current exposure levels. Zones of hydrothermal alteration that are enriched in the LREE may also exist at depth beneath the other intrusions of the Loch Loyal Syenite Complex.
